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FOREWORD

The work reported herein, covering the period irom 1 November 1963 through
31 December 1972, was'carried out by the Infrared and Optics Division of the
Willow Run Laborawries, then a unit of The Universily of Michigan's Institute of
Science and Technology. (On 1 Jamiary 1973, the Willow Run Laboratories sepa-
rated from the University and became incependent ag the Environmental Research
Institute of Michigan (ERIM), P.O. Box €18, Aan Arbor, MI 48107.) The Air Force
Avionics Laboratory (AFAL) of the Air Force Systems Command, Wright-Patterson
Air Force Base, Ohio, ;ommissioned this wcrk under Contract F33615-70-C-1123,
Project 6239, Tesk 10. Mr. Bruno Wermcke AFAL/RSP is Techricdl Monitor for

the Air Force.

Our interest in the development of a bidirectional reflectance model is an out-
growth of on-going research in target signatures which has thus far produced eleven
Data Compilations listing reflectance characteristics for materials of interest to
the Target Sigmature Anaiysis Center (TSAC) and its patrons.

Some work toward extending the model to account for 2 non-Lambertian, noa~
specular reflectance component 1ssumed to result from scattering within the target
material was performed ander Contract DAADOS -72-C-0246 with the Army Ballistic
Research Laboratories (BRL). Under the same BRL contract, the model was also
coded in Fortran IV and an extensive measurement program implemented and used
in & validation of the complets model. Because the present unified model nas been
realized as a result of work performed at WRL ERIM under the present Air Force
Avionics Laboratory contract as well as from work done under the BRL contract,
the BRL -sponsored portiin of the model is also described in this report.

This research effort is continuing at ERIM's Willow Run factlities under the
direction of Dr. Robert Maxweil as Principal Investigator, with guidance provided
by Mr. R R um&blrectorolmlnfnredmdowamvuton. The ERIM num-
ber for this report is 196400-1-T.

This report wis submitted by the authors on L1 July 1973.
This technical report has peen reviewed and is approved.

; //ca. ol e 3,

Albtrt w. Bctg. Chiet

Reconmaissance Sensor Development Branch

Reconmissance Division
Alr Force Avionics Laboratory
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ABSTRACT

This report describes a2 method for using bidirectional reflectance information
previously reported in the Eleventh Supplement to the Target Signature Analysis
Center: Data Comptlation [1, 2] and further validates the bidirectional reflectance
model originated and extended under recent contrac:is. It includes bidirectional re-
flectar.ce model parameters for a variety of paints. Parameters were exiracted
from measurement data reported in the Eleventh Supplement. Reduced refiectance
data are also provided: these data may be used with the computer model or option-
ally, in an interpolation procedure for estimating reflectances without the aid of a
computer.

The computer model makes it possibie to calr-late | directional reflectance data
from a very smail amount of measured data. Accuracy demonstrated in the Model
Validation section indicates that the model is very effective, although improvement
can still be obtained at large receiver zenith angles. The interpolation procedure
also shows excelient agreement with measurement.
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BIDIRECTIONAL REFLECTANCE MODFL
VALIDATION AND UTILIZATION

INTROD:ICTION

A model for predicting the radiance at a remote gensor must include the spatizl, spectral,
and polarization characteristics of the bidirectional veflectance and directional emittance with
respect to target and background surfaces. In pru.ciple, the directional reflectance and di -
rectional emittance properties of materials must be known for all source and receiver angles,
polarizations, and wavelengths. A Lambertian assumption may be valid for some types of
backgrqunds, but for most man-made targets is scarcely adequate. Measurement of all spatial,
polarization, and spectral characteristics of the bidirectional reflectance and directional emit~
tance for a large mumber of material samples is impractical. Even if such measurement were
performed, the data could not all be stored efficiently enough to make it accessible for digital
computations. Clearly, an empirical model is required to approximate the : :iirectional reflec-
tance and directional emittance properties {rom a limited number of measirements.

The bidirectional reflectance model developed by the Environmental Xesearch Institute of
Michigan (ERIM) is described in this report. The model accounts for effects that produce both
specular and diffuse corcponents. In particular, a surface model relates bidirectiomal reflec-
tance fo- all source-receiver angies and polarizations to {ixed bistatic measurementa and a
Brewster angie measurement. In addition, the mode} enmables calculation of either a Lamber:ian
diffuse component or a non- Lambertian diffuse component. The latter component accounts for
angular and depoiarization propertiee arising from interral scattering effects. Our extension
of the bidirectional reflectance model has considerably improved the {it between model predic-
tigu and measured datz, as will te shown in Section 6.

'

In addition, we calculated fixed bistatic data from reflectance data for 20 matertals included
in the Data Compilation of the Eleven'n S8upplement [2]. Results of these calculations are
Zraphed ard tabulated in Appendix 1.

A useful method for deriving reflectance data when no computer is available is also pre-
sented. For this purpose, simulated data represeating typical sets of parameters are provided
as well as a method whereby typieal fixed bistatic data may be used to bracket measured zero
bistatic data for a particular material so that the bidirectional reflectance for that material
may be estimated by an interpolation method as described in Section 8.

PP




As it now stands,the model permits generation of an enormous amount of bidirectional re-
flectance data from a very small amount of measured datz. The accuracy shown in Section 6
on Model Validation indicates ‘hat the model is very effective, although it car still Le improved,
particularly at large receiver zenith angles. With the abil‘ty to account for elliptical (partic-
ularly circular) polarization now built in, the model is available for use with circulariy po-
larized sources, if theac sources prove useful in the future.

In this report, we compare measured data with results computed from botk the :uitiai
model and from the 2xtended model,and then evajuate the relative perlormancé af he two. We
establish a domain of validity {for each, based on material properties. Since the mosieling is
empirical, only a limited amount of measured data are required as input parametevs. in this
cage, the parameters are the fixed bistatic data. Therefore, data from the Dntx Comptiatiou
[1, 2] are used to derive {ixed bistatic curves contzined in Appendix I.

All modeling described in this rvport was performed with respect to one waveicngih, A = 1.08
pm.
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BIDIRECTIONAL REFLECTANCE

Ome pnysical property which can be measured directly from a sample of matenal is bi-
airectional reflectance. The physical definition is
3L’(~r. :r)
N EAR-T AN L ———— a
P x'°x r ox') . (1a)

[

where &E.L( -’l, 2 ) 1s the incremental irradiance (power per unit area) impingent on the surface
~{ a material {romthe dxrecnon(“l. cl). and er. *‘r, @r) is the resulting increment of radiance
tpower per unit projected area per unit soitd angle} scattered from that surface in the direc-
tion “r‘ or). Figure 1 illustrates the situation. The bistatic angle, 23, is that angle between

the vectors which point 10 the source and the recetver respectively. : ’ !
Equation (la)canbe rewritt_n interms of directly -acc 9sible experimentai parameters as

5P
r

EA cos ~ o0
r.r {1b)

. 3 .
i’ r'°r) éPi

A

".j..
o'l ‘o

where GP‘ is the power, inwatta, incident {from the direction (ﬂl. 0‘) on the small area ¢A, and

3Pr is the resuitling power scattered into the small soiid angle enr in the direction (~ir. or).
When polarization dependence isto be shown, subscrifr are appended tothep’ term. Thus

when we vntepc"la .the leading vubtcnpt,ai‘ degcribes the source polarization while the trail-

ing subscript, art ;escnbrs the receiver pnlarization. The source polarization, always re-
ferred (0 the plane of incidence. describes the polarization state of the electric field vector.

The appendu-1 pubscript symbols § and | indicate whether the source electric vector polariza-
tiog I8 pars.. 1 ‘0 or perpendicular to the incidence plane. The reflected eiectric ficld polariza-
tion state v xpacified by the same symbois, but here the reference plane is thal ret'ectance
plane defly ». ty the sample normal and the direction to the receiver. (For example. p; re-
presents  ilectance meassred when source pol.rization is perpendicular to the lnﬂde:m

plane sz} /nceiver polarization is parallel to the reflectance plane.) Notice that when etther

the sourcs or the rece’ver, or both, are scanned in angle over the sampie, the tncidence and
reflectance planes change orientation with reiation both to the eample and to each other. -

Bidirectional reflectance depends on the physical properties of the material as well as on
the geometric state of its surface. Differenmt surfacc states resuit in different reflectances.
Hence, 3 compiete callection of bidirectional reflectance data for any singie matestal would
require saessvrements of a large number of samples of the matertal each with a different sur-
face state. Each sampie wuuld have to be meagured with several sosrce-receiver polarization
combimatitas. Consequently a very large number of source and recetver positions would be
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required for each set of polarization states. rinally, the entire procedure wouid have tc be
repeated at many different wavelengths. The purpose of modeling 1s to predict reflectance
data from only a limited number of measurememnts and hence eliminate the need for an other-

wise unwieldy measurement program.
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BACKGROUND ?N FORMATION

The bidirectional reflectance model is based on observations of polarized bidirectional
data from rough. painted surfaces which exhibit a Brewster angle (Fresnel-like behavior in
relation to the specular geometry). The degree of depolarization appears slight, and on that
basis for the initial modeling work in this program single specular reflection from the rough
front surface was assumed to be the dominant reflection mechanism. Multiple front-surface
reflections and intermal scatterings were ooserved t) be smaller and were initially incorpo~
rated into 2 Lambertian "volume’ model to account {or the diffuse component.

The assumption that the diffuse component {8 Lambertian, however, makes it difficuit to
arcount for certain anomalies that occur when measured data are compared with the model's
output. For example, Fig. 2 is a bidirectiomai reflectance curve showing the reflectances at
the receiver as the receiver scans over zenith angies from 0° to 90° in the ‘r 2 0% and or = 180°
half planes. The source remains fixed at 3, = 40° and ¢, = 180°, The upper curve shows re-
flectances when source and receiver are both linearly polarized at the same polarization angie
with respect to the target-incidence and target-receiver planes. (In this case, both are per-
perdicular polarized.) The lower curve shows reflectances when source and receirer are
cross-polarized with respect to one another. (Source is perpendicular-polarized; receiver is
parallel -polarized.) Note the marked angular dependence in the lower curve. If the nonspecular
component were truly Lambertian, no such angular dependence would be present.

Also, although =adiation sources tin this work are all linesriy polarized, future work may
well involve more general cases. Therefore, the model should account for the most general
type of polarization —namely, elliptical.

For the above reasons, and in order to obtain a closer overzll correspoadence between
model prediction and meassured data, the model has bren extended to account for the following:

(1) poesible non-Lambertian angular dependence of depolarised component
(2) shadowing and obecuration produced by the roughness of the surface
{(3) elliptical polarization

The model —a phemomenological ons in that its wae requires alimited sumber of measure =
ments —is described Ia the next two sections. Secticn « cludes a discussion of specular re-
flectance from the surface, effects casused by shadowing anu obeceration resulting from surface
roughness, and polarization effects. Section § describes the volume model.
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SURFACE MODEL

.
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In this section, we review the surface model and also discuss the interference effects that

necessitated model modification.

4.1. AVAILABLE AREA . -
If the rough surfzce is considered to be made up of small sequins having 2 distribution of

orientations, there will be some specular reflectance at any receiver angie and the extent of

that reflectance will be dete-mined in part by the amount of surface oriented {or specular re-

flection at that receiver angle. (The area available for such reflection will also depend on how ]

some sequins shadow or cbscure others.) Since measurements do, in fact, show a reflectance

distribution over the hemisphere, we assume that the above description is valid and that there is,

indeed, a distribution of surface areas which have normals pointing indifferent directions. There-

{ore, to establish the distribution of available surface area, we defipe a density function =(3, ¢}

which describes the relative density of local surface normals (per steradian) pointing in the

direction (4, ¢).

The effect of the distribution of surface normals is measured by a zero bistatic measure-
mmm-hichei-armoiur. (Note that we really use a fixed bistatic scan with 2 small *]
bistatic angle. A true zero bistatic scan wwld be very difficult to obtain since source and

receiver obriously cannot occupy the samse position.)

4.2. YRESNEL COEFFICIENTS

Presoel reflectance coefficierts describe the reflectance and polarization of specularly
reflected radiation as functions of source and detector positions and of the complex index of
refraction. However, since we are trying to find reflectance as a function of source and de-
tector positions only, we must know —or be able o determine —the index of refraction. (As -
discussed later in this section, x¢ can determine the index by messuring the Brewster angie.)
Siace, in the surface model, we consider only single, local specular reflections, the Fresnel . i
equations automatically account {or polarization. ’ 1

l&mﬂnruﬂcnhth»hdn;hda Irom the sample (see Irig. l)ua.oudin;h
{1+ ummdmxommuoupmtwmamw specularly re-
flected radistion by the receiver ia given by: .
on : ' i

4
aoe-—‘-—eo.a : () 4

This solid angle is centered about the direction ('i' .9)'
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Let fsp.L be power incident on area 6A. The fraction of surface area, ¢A LJ . oA \; which
reflects radiation into the receiver is given by ' LR Y

/
c,\[a .9 \:3{9 .9 15A6Q (3)
VA A ‘A A A
The power incident on OA(B , ® \)is
8 af
\
oA(s .9 )
cp \3 ﬁ cos 3 (4)
i 0A cosei

Since the Fresnel reflectance, R(3), is just the ratio of reflected power to incident power, then

OA(G ,9)
A

R \ 7/ cos 3
*Py = RBIOP, —4x— Cos 5, )

-

Recail that in Eq. (1b): """r‘x‘ 8.9 = . Substituting Egs. (5), (3) and (2):

REX(s . o_)

05 5,0 = et ®
PRO® Ips r) icoceicoa 9r

By considering the case when source and receiver are in the same position, i.e., a zero
bistaue (3 = 0) case, ELGQ' ¢ \ can be determined. In this situation

Y
R(0)Z (ae , oﬁ\)
(6 ¢:8.6)-= m
"(a a2 a) P
and f
b‘(a PRI )co.’a
2o . —2 0 B8 8 | ®
Now substitute back into Eq. (¢) and
)
p'(o o 8 0 )ccl s
. . R g R A & f )
] "l-‘ ’ af"r) s Eg;’ E‘(“'—"'l"m ‘r " (’)

Equation (9) is an expression for the bidirectional reflectance given in terms of measured
dats and Fresnel reflectance coefficionts. However, to evaluate the Fresnel coetficients so
they can be used in Eq. (§) takes a litt)e work. Yor example, R(3) is & function of the real and
imaginary parts of the complex index of refraction, u' s a - ik (see Ref. 3 or Appendix I11).
Thersiors, a and k must be found before R(s) can be determined.
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Moreover, k is taken to be very small* so that n can be determined experimentxily by mea-
suring the Brewster angle, 98’ and then using n = tan BB to solve for n.

4.3. SHADOWING AND OBSCURATION
Referring to Eq. (9), we can derive a zero bistatic curve, ;:o'(ea ,oﬁ : 9,\,4,\\, froma p'(91¢1,
n ny
6r¢r) curve with 81, ’i {ixed and ar variable by inverting the equation so that

p'(8.6.6 ¢ )cos 8 cos 9 )
p'(9¢.90)=g“” 1xrr2 i r (10)
88 A4 &) cos” ¢

]

after doing this for a variety of a"s. we found that the curves obtained differed systematically
{rom those obtained from a f{ixed distatic measurement. Apparently, because of surface rough-
ness, some gequins shadow or obscure others; thig reduces reflectance everywhere except at
2 purely back -scattered position. The model must therefore be modified to correct for such
interference. : ‘

Torrance and Sparrow {4] have developed an amalytical function that heips correct the ait-
uation; however, we have constructed our own function using empirical considerations only.
Our function resulis in better agreement between measured ard derived fixed bistatic curves
than does the analytical functiom of Torrance and Sparrow. The empirical function (SO) is de-
fime 2 as:

(11)

where 3 Mfinmnndm,ndon is a factor calculated from the geometry, which adjusts
the fall-off rate of the shadowing and obscuration function in the forward-scattered direction.

*For the calculstions ia this study, results of past measurement programs (1] werse
used to establish the refractive indices. In those programs, it was determined that the
magnitude of the total index of refraction was close to 1.63; that the imaginary part of the in-
dex of refraction eould be neglected, compared to the real part; and that the index of refraction,
for the wavelengths of incident radiation under consideration (1 to 4 um), did not vary spprecia«
biy. . . ' ‘ o e ‘ -

R

3 hai




5

R aray:
e :":ﬁ':_\f'}yrly?r_v"dq,-,"-__,‘;.:.,:_;332"‘_'.“;.;»‘4, T e T o e bl

We now modify Eq. (3):

)p'(eﬁ ,¢ﬁ; 9{; ,éA)cosz 9}\
. L. _ R n
P wi”i’ c’r‘t’x') “ RO cos 6

icoa ar

Eguation {10) becomes

L SR T

2 (s0)

. R(OYP (Bi,é.{; er,¢r) cos 9.1 cos er

o'fs b 59 .

RrACRYARIE) foos? 9ﬁ>(50)
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5
VOLUME MODELS
The following discussion outlines the reasoning behind the extended portion of the bidirec-
tional reflectance model. (The extended portion is referred to 28 the "yolume' model.)

Diﬁémt materials with varying degrees of surface roughness and diiferent optical prop-
erties show differences in nonspecular reflectance behavior. These differences show up in the
extent to which the nonspecular reflectance is dependent upon angular pcsition of the receiver.

To make provision for materials that do exhibit such angular dependence and for those that
do not, two volume models are used. The following discussion describes, {irst, a Lambertian 3
volume medel which has noc angular dependence, and then a non-Lambertian volume model in 1
which angular dependence is important, :

" 5.1. LAMBERTIAN .
In addition to Fresnel reflection {rom 2 surface, other elfects such 28 might take place be-

. neath the surface can produce a conspecular reflectance component everywhere in the hemi-
sphere. II the surface roughness as well as the ahsorption propertir s of the surface are right,
this volume reflectance may be completely diffuse and uniform over the hemisphere. Moreover,
the reflected radiation will be totally depolarized, regardless of the polarization of the source.

-Thas, if the receiver is polarized in the orthogonal direction to the source polarization, an in-
plane measuarement will represent the volume component only. lowever, only half the volume .
component s actually represented, since thers should be an equal diffuse contribution polarized e
in the same direction as the source.

The Lambertian volume component is one of the input parameters for the model when a2
target material with Lambertian reflectance properties is considered. A method whereby values
for this panmm may be extracted is described in Section 6.

52 NON-LAMBERTIAN | | - . g
" On the basis of the Lambertian diffuse modclducrlbedabcn mtncnhrdependence
wouid be expected for the diffuse component. However, for some materials, actual messyre-
ments show that there is an angular dependence. To provide for the angular dependence of the
diffuse component, thcmodollasbeeacmndedbylnchdlngmmnngmmaphcobcmm

thcnrb,ce.

Assaming an cxpomnml scattering !unction as thc radistion first enters a.nd then leaves
" the surface, and making reference to Fig. 3, we constmct an expression for the volume scat-
tering component of the bidirectional reflectance as follows:

._,._ .
W e %
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E.LO = irradiance at surface of area Al’ where AL is the area of cross section of the colli-
mated beam and is normal to the beam
Eo = irradiance on surface element of area A

E1 = irradiance on surface of slab or area A at distance z beneath surface

Lr(ﬁ) = radiance scaitered from primary beam through 23 !n direction of receiver
8 = half of angle between target-to-source and target-to-receiver vectors
o = total scattering cross section (ignoring absorption)
a(8) = differential scattering cross section with respect to 8, L.e., [0{3)dQ=[do/dQdq =0
QG = solid angle subtended at target by receiver, agsuming a point target
8i = angle of incident beam relative to fixed z axis
er = angie of reflected beam relative to fixed z axis
The objective of the following calculation is to determine that portion of the primary beam
scattered from distance z beneath the surface through an angie 23 toward a receiver which sub-
tends solid angle Q. '

First, the bidirectional reflectance defined in Eq. (1) is now o' = Lr/EO with respect to the
slab (see Fig. 3). To determine EO:

Aj=Acos§ (14)
P P/Al Pecos § ‘

Eo x:m—'—{ﬂ——A—L—SElocmax . (15)
where P is the power at surface of ares A.

The irradiance incident on the aiab at distance z beneath its surface is:

<t -0z/cos 8 4

E, =E4e = Eje | (18)

where £ = :/e;)l 6‘. Hence
-0z/cos o . -

K, = Ej,cos do e (1m

and '
- -Ol/coc;vl‘ : _ .
= -E; 08 ds v ’ . (18)

where d! ig the amount by vh!ch lrndhnce decreases in going {rom distance z to distance
-0 %/eo8 8 -ox/cos @

todzbenuthlur!uo. Note also that ¢ lam'.lo rrepruentthe-catteﬂng

_loss {from the beam on the ny in ud on the way out of tha material, relpectlnly. To deter-

'mlul»,.‘

vy
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Pr = er_ cos 9_ = power at the receiver (18)
) N
dLr = radiance scattered, in direction of receiver, from one small slab (20)
of thickness dz -
Radiance from slab in direction 8 _(or §) can be written: o
dL_ = -dE‘a(s) (21) _
since o(3) ts, by definition the fraction of beam scattered into 23. Note that (since we are ignor- :}"

ing absorption) irradiance lost from the incident beam i{p the radiance of the scattered beam;
therefore 2 minus sign precedes dEl‘ Hence, it therce is no further power loss

iP_= -AﬂrdEia {3) (2D
However, power loss caused by beam scattering occurs on the way out as weli as the way in;

-0z/cos8 )\
e )on the way out.

the loss is represented by

Therefore :
-oz/cos 8. Al -oz/cmer :‘}
dpr = (—Aﬂr 0@)0 dE‘) a -maru@)‘ dsl (23) ;
Bubstituting the expression for dE;, Eq. (18), into Eq. (23}, we obtain:
on/cosd : ‘i
-ax/t:caax Ao@e : - _
d:px' = ‘m"‘ cos 0‘ Qrdx (24)
F
1oh %, o(8) :
Prnjﬂra mdl . 1 Q lj (25)
e e
01 cos 91

0

where the integration from 0 to © assumes no transmisston of power through the material, i.e.,
the material has effectively an infinite thickness with respect to transmission. Therefore

. P ) tmcu)‘
L. = L - (26)
r Acosd ( 1 1 )
ry m. & conmm—
' rc:v.alai coc‘r
] and -
L
) r o ) C@
~ L i “Tcos 6, +cos @ @
!; molmdré&—;" ¢-—13-; i r)
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In ignoring the finite thickness of the layer of material, we have also ignored the possible
specular reflectance of the bottom suriace. To account for the possibility of specular reflec-
tion from the bottom layer, 1t may be useful to provide a parameter function peaked near
9, =0. Therefore, we include all 3 dependence in a function {(3), and ail 9, dependence ina

n

n
function g(&A ) and write
n
pyto,

A

P Sy (28)
cos 8‘ + co8 Gr

p'=2

where {(3) and g(e,\)provide frecdom fcr empirical adjustment. The constant, Py represents
n

thevalneolp'whent?i=9r=Oand£(3)=g(Be)nl.
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MODEL VIS\L[DATDN
Use of the bidirectional reflectance model requires a limited amount of measured data
‘namely the zero bistatic measurement) from which complete sets of reflectances can be cal-
culated. The results of these model-caicuiated bidirectional refiectances can then be com-
pared to corresponding resuits of actual measurements. This was the procedure we followed
to validate the model. '

Model caiculations and measured data were compared in terms of p' (the reflectance). a or
- (the angie of polarization for :ne Deam after reflection from the target). and P (the percent-
age of polarization of the reflected beam).

Measured data for matenals of different properties (color and roughness) were used to
demonstirate the model’s performance. The materials are designated as A02018-001 and
A02018-002 and are not tncluded 1nthe previous compilation{l, 2]. Material A02018-00lig a
green paint and material AO2018-002 is a tan paint. These materials were supplied by the
Army Ballistic Research Laboratories for the purpose of developing the non-Lambertian dif-
fuse component o the model. They were used for validation because s unusually extensive
set of measurements could be made on them. Model parameters are listed in Table L (See
Section 7 for definitions of mode: parameters.} The overall discussior of the model fitting is
divided into four parts:

(1) p" for AD2018-001

(2) p' for AD2018 002

(3) polarization angie (v or wr) for AC2013-001

(4) percent polartization (P) for A02018-001 and A02(18-002

tn what {ollows, the or entaiion of the source polartier in the measuremenis of materials
AD2018-001 and A02018-002 was not sctuslly perpendicular, narallel, sor at 43° tc the plane of
incidence bul iastead was offset by 5% tn each case. Specifically, the appropriate correspon-
donces, shown (a Table L1, should e recognized. These shifts were tahen into account when
the validation calculations were made oa the computer; however, we continue to refer to ‘‘per-
peadicular,” “parallsl,” and “43°.~

6.1. REFPLECTANCE FOR SAMPLE MATERIAL A02018-001

Material AO2018-001 15 a greee painted surface. THe saro bistatic measurement with 3°
polasisation angle (i.¢., slmost perpeadicular polarization) is shown in Fig. 4. (The sero bi-
static dals with parailel -polarized source, although oot shown, have identical charscteristics.)
The sero bistalic piot 18 sharply peaked uf 0°, falling off rapidly (o & constant valve at abowt

17
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Recsiver Nominal Angies
Astaouth
Plass 100% 190°)  -a°
0%-100°]
20°-210° s° -8s°
60°-300°
20°-370° ’° ° 80
Pized Bistatsic  3° »° 0
18
. N . o

TABLEI. MODEL PARAMETERS FOR SAMPLE PAINTS

Parameter AD2018-001 AG2018-002
n 1.65 1.65
k 0 0
gy
pL1 0.044
.
r.v)‘2 0.044
P, 0.007 0.05**
T 15 15
Q 40 40
13) 1 1
g/ 8,\) 1 1
\ a
p'(eA,eh; GA,eﬁ?co‘z o, .- ——-
2 n n o | 3
A 1.06 um 1.06 um

*This material Ls run with ‘he nom- Lambertian volume model; therefore
Py valoes are not necessary.

**Material 2018-002 was run with the Lambertian volume modei; there-
{fore Py shouid aot be used.

TABLE 0. TRUEK SOURCK POLARIZATION ANGLES
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FIGURE 4. FIXED BISTATIC p° FOR A0018-001
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200. In all recex_{/er polarizauons, p' Shows an ane'ulzr dependence ciearly departing from

\ .
lambertian behavior. The table of values for p’ :‘9 % NI }cosz t . used in the maodel

‘an an n af n
¥as obtained frcrn this measurement by reading df p ,and o "y at each angle and them calcu-

lating ‘p’ - p } 52 -é\ where v, i3 the angle that tne normal 10 the reflecting facet makes
+d T4 3 . oo
with the {ixed z-ax1$. In zero bistatic scans, g = 6r = 6 {see Fig. 1). (Physically the source

n
and receiver were separated by 1.8°. - Thus, both were 0,90 {rom the true 9,\' In tke calcula-
. &
tions, the axis was transliated to bring the x-ax1s into correspondence with 8\ =0.} The sub-
. ) n
tracuiom, p; T p: elimiriates the diffuse contribution which would distart the value for

Ay P HCIN-1 -:vhsch ts what must be measured (recall Eq. 3).
A
a ﬂ n/

In Pigs. 5, 7, 9 and 11,¢ slots of measured data are shown for ¢ = 40, 6. = 180° and where
5_\s scanned in azimuth planes representea by ¢, = 0°, 180°%; %0°, 275%: 30°, 210°; €0°, 240°.
Each measurement pict 18 {ollowed by plots of data generated, respectively, by the Lamber-
tian model with no shadowing and obscuration factor, by the aon-Lambertian model with no
shadowing and obscuratiom factor, and by the non-Lambertian niodel with the shadowing and
abscuration factor. For cxample Fig. ¢ shows the calculated p’ data for 6 = 40° and 9 as
scanned in the o° and 180 azimuth planes {or the above variations of the model. The nm—
lated source is taken to have a perpendicular polarization angie. In these in-piane scans
(o, 0%, 180°), the main ptal is 1n the 0% azimwsth plase which is the forward direction for the
mmhdoi - +180°. Note the rise {in the plot of measured data) at large zenith angles
for the crou-polanzed component. This is a characteristic which suzgests the o ed [or the
nos - Lambertian Yolume model.

]

Surface Plus Lambcrﬂm Volume Mode! with Nov&:dmirmmdomcurntm Correcticn.
Figure ¢ plots (in sold lines) the model calculation uaing the surface model pius the Lamber-

~ tian volume mode] with 20 correction {or shadowing and checuration. The following charac-

teristics should be noted:

1) hiee -oummm)usmum,mmxmmmmm
mynubﬁm! -o.-u «50° for ‘matched polarization of source snd receiver.
MO - 80° m:mudm-mﬂyam huuwcoumnun
dmmmcommrumnmmumuwcmm Mo
» 0% and on iato the backseattered (o, * 130°%) direction, the calculated values lie
.aonm-mm-mmu,:oo.ummououmnaxdmuada
mmmmmm correction. -

{2) in the crosa-polarization component (1), the model predicts a f1a2 response except
for a siight hump under the specular peak. The messured data, however, show a
cbuamhrmazoouoi

“Note: Ga all reprints of origiaal computer plots, the symbols 0, and ¢ are represonted
we mO.mp-enﬂty
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With the excepiion of these two characteristics, however, the surface plus Lambertian volume

model with no shadowing and obscuration correction fits the measured data fairly weil.

Non-Lambertian Volume Model with No Shadowing and Obscuration Correction. The doited
lines in Fig. 6 show a mode! plot using the same parameters, except that the non-Lambertian
volume model is now used. Keep in mind that one may use the non-Lambertian volume scat-
tering as a model by itself or in conjunctica with a specular component. The latter is used
here. In the like-polarized component, nothing has changed from the previous case. However,
the crass-polarized component now fits the measaured data much more closely. [t rises steadily
at large angles, both in the back-scattered and forward-scatiered directions —a result of
1, (cos Gi + CO8 ér) dependence shown in Eq. (28) for the volume model. However, the response
for the like-polarized component does not drop sharpiy enough at either side of the peak, and at
high angles in the forward-scattered direction, the awkward divergence still appears at 60°.

Thus, the non-Lambertian volume rioriel improves the cross-polarized {it (with respect to
material A02018-001) over that of the Lambertian volume model and, apart from anomalies at
high angles and near 0°, provides a reasonable fit to the measurements.

Non-Lambertian Volume Model with Shadowing and Obacuration Correction. The dashed-
line curves in Fig. § show results with the shadowing and obscuration cnrrection applied to the
nom-Lambertian volume model calculation. The cross-polarized component is unaffected. The
net effect on the match-polarized component is to reduce the reflectance everywhere except at
the specular pesk and at the direct backscatterirs peak (i.e_, at 8 = 0). In particular, it lowers
#1-- forward-scatter contributions beyond 50°, bringing the madel closer to measured data in
this region. Owerall, the fit obtained uging the volume mﬁtl'lthalhado'tngandob‘curmm
carrection agrees closely with measurements. '

The foregoing discussion applies to "in plane”™ recsiver scans —those in the ’r =0 and
.r-m° azimuth planes. The azimuth plane perpendicular to the 0%, 180° plane is the 90°,
270° plane and 18 referred to as "out-of-plane”. The plane we are in or out of is the plane of
tacident beam and target normal, or the target incidence plane. (See Pig. 1.)

In Fig. 7 we have the plot of measured data for the out-of -plane situation with perpendicular-
polarized source again. In this case, however, the tncidence plane is perpendicular to the re-
flection plane. Al!l-o,wm,ph\aphmbthcumuphoﬂdpm. For this
reason, the reflsctances of match-polarized and cross-polarized components seem to exchange
behaviors in the out-of -plane configuration, as is verified by the plottsd messurements as well
as by the model calculations. Figure § presests plots of a8 Lambertian model without the shad-
owing and cbecuration factor, & surface plus nan-Lambertian volume model without the shad-
owing and cbscuration factor, and the surface plus aon-Lambertian volume model with the
shadowing and cbecuration factor, As before, it ir spparent that the use of the non-Larbertian
volume model plus the shadowing and obecuration factor improves agreement between model
and measurements so that, apart from a posaible cverall acale factor, the agreement is within
messurement fluctustion. : 73
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For additional validation, plots are shown for the 300, 210 azimuth planes {Figs. 3 and 10} 3

k

and for “he 600, 240° azimuth planes (Figs. i1 and 12). The characteristics of calculated and . L
measured curves, apart from a scale factor, are in excellent agreement. Figures 13 through 3

20 reyesent siwxilar comparisons for the case when the source polarizer is set for -45° {in .
the 07, 180° ~zimuth plane) and set parallel (in the 30°, 210% 60°, 240% and 96°, 270° planes).
Meagure: plots are presented with the calculated plot to represent the surface pius nog~
lamrextian volume model and to include the shadowing and obscuration factor. '

6.2. REFLECTANCE FOR SAMPLE MATERIAL A02018-002
Material A02018-002 consists of a tan painted surface,

Based on the zero bistatic scan, Fig. 21, material A02018-002 appears to bi: somewhat
brighter than material A02018-001. Whereas the non-Lambertian volume model was clearly
the best choice for material A02018-001, it is not in the case of A02018-002. In this b'.tt.er.
case, the best choice is the Lambertian model. '

The lack of angular dependence in the reflectance of the cross-polarized component could E
have 2 number of explanations. Multiple scattering increases for rougher surfaces. Since such E
scattering may not be angular dependent, it could become a large enough factor to swamp the
angular dependence which is otherwise present. Moreover, the difference in color between the
green and tan certainly 2lters the absorption and, consequertly, cananerthemznhtdependence
as well. ) . ) 2

In any case, the appropriate modeltonncanbodetarmmodb‘ylo&ing‘att!:ecrm-‘-
polarized compounent of the fixed bistatic scan. U a clear angular dependence is present, the
non-lambertian model should be used. But H there is little or no apparent angular dependencs,
a3 with material A02018-002, theu the Lambertian model s mare appropriate. . -

bhy.zzmmnpmmwwiddfordtﬂmutmdhplmbenmmgﬂﬁm <
plat for measured data, {ollowed immedtately by the corresponding plot {rom model calcula~ -

tions. In this group of Ulustrations, PFigs. umzswmmmr&opo-
larization, while Figs. 28 through 29 represent a scarce parallel pommummm 0°, m°

mwnpunmmmoo" 270° aximuth plane. . S S
hmmummwwb'mnea.mmmmmnmpm» 3
moth angies. nmmmmdmmmmmmmmmm B T

-

6.3. POLARIZATIOY ANOL! w,)rm BAMPLE mrzm‘u,.smxa-m S E.
muﬂectmudmmmhrmmlcom :tadaumrlypomuod 4

beam vary as functions of the source~ mrmhlundthalmdrdmmamm

materisl. (See, for example, the Fresnel equaticns, Pef. 3.) Based on cbaervations, tholnda

- of refraction varies littls over a wids range of paint surfaces. !’o;rm‘pcmhrmam e
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covered in this report, ihe variation 15 comsicered 1 be zero. Therefore, for these surfaces,

polarization angle 13 essentially a function cniv «f source-receiver positicns.

As additional validation for the model, predicted polarizalion angies are compared with
polarization anzies extracted {rom the measured data. Figures 30 through 33 show plots
obtazned for the 6°, 150°: 30°, 270% 307, 210”: and 50°, 240° azamuth planes. Measured data
represent material AC2918-001. In all cases, wreement between measurements and calcu-
lations is excellent, with the average dispvarity not more than 10%.. In particular, the dramatic
agreement between measurements and model in the 300, 2107 and 600, 240° azimath planes
constitutes powertul verification of the mouel and affirms it usefulness in arbitrary source-
receiver wnsitions.

6.4. PEFCENT POLARIZATION FOR SAMPLE MATERIALS A02018-00% AND AD2018-002

. Percunt poiarization (P} validates the ratio of surface -to-volume contributicns to reflec-
tance. Percent poiarization depends on both polanzed reflectance and angle of polarization,
bath validated in eariier sections of this report. [a this section, we compare mode] predic~
tions with percenmt polarization values extracted from measured aata.

Figures 34 and 35 illustrate degree of polarization for scans of material A02018-002, for
perpendicviar ard parallel sources, respectively. The validitv of the madel is supported by
the close crrreiation between the bohavior of values extractied from measured daia and those
calcolatena with the mndel.

Additional canfirmation of the model is ;.rovided in Figs. 38 through 38 where percent
potarizotion plots are given for material A02018-001 ia the 0°, 180° and 90°, 270° aztmuth

angie pizes.
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7
MODEL PARAMETERS
This section briefly describes the model parizmeters that can be used in the bidirectional
reflectance program and explains how their values ae derived. The choice of parameters for
use in the program depends to some extent on the mode of the model being run. Basically, the

model is run in three different modes:

{1) Surface and Lambertian volume components
(2) Non-Lambertian volnme component {no surface contribution included)

{3) Surface and non-Lambertian volume components
Therefore, we have grouped the model paramsters as {ollows:

(1) Polarization parameters

{2) Surface model parameters

{3) Lambertian volume model parameters

(4) Non-Lambertian volume model parameters

(5) Parameters used to generate typical data for comparison purposes (see Sec. 8)

7.1. SOURCE POLARIZATION PARAMETERS
The present model has been designed to acccunt for polarization dependence in both sur-

face and volume components.

In the surface component, polarization is accounted for automatically in the Fresnel reflec-~
tance coefficients. Tn the most general case, such polarization can be elliptinal and can be de-
composed into linear and circular compenents. To date, only a lineariy polarized source and
receiver have been nsed in meagurements. However, for some applications, circularty polar-
ized sources or receivers may be of interest. Therefore, in the model, we hyve provided pro-
gram subroutines which take into consideration the ellipticity and handedness (1.e., direction
of rotation in an elliptically polarized source) of both incident and reflected beam.

For volume components in both Laxnberﬁah and non-l.ambertlan cases, it is assumed that
reflectance will be depolarized to some extent. In both cma, in fact, we assume total depohr-
ization. Therefore, although a depolarization factor has be'a included ln thc non-l..nnbatthn
volume model for future flexibility, we assume DP(8) = 1. a

S

'r.- WRTCE pohrizanon may most geaerally be detlned . putuny polartzed with the po-~

" “Iarized component ellipticaily polarized. The state of pohrinﬁon of the source will be defined
‘by its degree of polarization, P, and parameters A, B, ¥, and H to define the elliptical polariza-

t_bn of the polarized component. Here, A and B are the intensities along the semi-major and .
semmi-minor axes, respectively. The angle ¥ {s the ;agle between the semt-major axis of the

ellipse and the direction normai to the plane of inclbence, measured looking iv'o the source -

beam; wuoqutvalentwacxceptum(ﬁ sV s lBO"and -90°sasw° The mndcdnessﬂ

«”
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The Stokes vectors piovide a convenient formalism for defining the polarization state of
the reflected radizice. {Reference [§] proviges a general discussion of Stokes vectors in this

context.}

[p{—l

cos 2% cas 2¥
Ipcust sin 2¥
l'psinzx

S=

where Ep and l are the polarized and unpolarized components, respectively, in the reflected
radiance. The degree of polarization in the reflected radiance is P =1 p/(1 +1 ) Angles ¥
and ¥ define the polarization state of the reflected radiance: Y is the angie be(veen the semi-
major axis of the ellipse and the direction normal to the plane of reflection; tanx = +'B/A
where A and B are the intensities along the semi-major and semi-minor axes of the poiariza-

tion ellipse and @n x J ¢ for S0 handed elliptically polarized radiation.

The RHOPRIME prog'ram produces the Stokes vector 8 for unit irradiance in the input beam;
the area may also be deficed to be unity and then S represents a reflectance Stokes vector. The
program also produces the components of the reflected radiance tranamitted with a recetver
pohnzaﬁ.oa analyzer oriented parallel or perpendicular to the reflectance plam lor computing

"\P ¥ "‘“v

’3.2. SURFACE MODEL PARAMETERS o . e
' One of tha guantities in £q. (9) from whlchp( "l' r" Ms detemipedup (""Q [’} ,¢ )
a

caz é. Aspnvtouhly discussed, p'( A,¢ ,¢ )is cbtained !rom zero bistatic data. Values
n o

‘torp fﬁ Q a,éA)cosz ] mnstbcca.k:uhted (preferablyfor lncremeutsdtwodegrees)and

mademo;tablewhu:humdtbemodalmputs

ax‘,'» »\, B S SRR RV ST

: vvuﬁhm“mmcnﬂmmamm«mﬁtmmm Asdwcusud }
‘earlier in this report, mmwmtummmmoudm),mrmlmm .
‘-",vumm ".mnmcmutwunmm.unmsmmm Marmr,ﬁwm'fm

13

: hunmdtobonmuanynmmductmc louutk 0. Buodoa-:xperimavltusimim R f-},"-

: Nﬂmpiu,alsmtobo 1.68. l‘ortmeuumplo,nandkcanbedetermindwcu-
R nm; by manﬂngun Bm-teranghandcalcummgnmdkumtnnedmmton4onthc
g*;mzaec model. At the present tima the program used, REOPRIME, does nutdoum. '

SRR rmu\mnmmmnmnmmmmmumwhuu provlduaeorrecttmtotho
,.mwmmlmmmmmmuurmnmg!rmmmudmz
‘surtace, ~Values for v and @ bave been selected, based on cbssrved ehmcmuuea of reflec- . -
hauproptmu’ Munmwmurammn-m.,;

e N
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7.3. LAMBERTIAN VOLI".iE MOLEL PARAMETERS
and Py Trese are the cross components of polarized rudiation used in the model to

1
2p“ , where Py and/or Py is de-

account for the diffuse contribution, Py1 " 2p,. und Pyg =
g - A
termined by taking the average value of the cross component {rom the measured data. Ac-

cording to the reciprocity theorem, Px1 =p [Ref 8]). It is important tc rememeer that Py

values only used when the volumea scatter nodel is not used. When the volume mode] i used,

Py1 =Py =0

7.4. NON-LAMBERTIAN VOLUME MODEL PARAMETERS

Py This represerts the non-Lambertian volume scatter component; it is determined by
extracting p;’ ar pii at the point which wouild lie under the pezk o1 the zero bistatic scan if the
measured curve were sinooth; Py = 2p.'H = Zp;i at the peak point. (The fact that a hump some-

times occurs on the measureg cross compenent curve is discussed i the section on Model Vali-

dations.) '
Here again, it is important tc remember that when the Lambertian volume model is used,
=0 and Py + 0. When the non-Lambertiian volume model is used, Py * 0 and Py = 0. Also,

Py )
and p}L are never simultaneously nonzero in models which have been validated to date.

Py
DP(E), 1(8), 3(9 A) Integral parts of SUBROUTINE FUNC, thesa parameters currently are

n
all sef equal to 1. They have been included to provide flexibility for later model modifications.

7.5. PARAMETERS USED TO GENERATE TYPICAL DATA FOR COMPARISON PURPOSES

As will be discussed in Section 8, available data representing typical material parameters
are sometimes useful, For this reason, the model contains a subrrutme wbich can generate
zero bistatic dzta, given a suitable set of input parameters. Tae pa “a.meters are: o, RPO, Ql,
and Q2. Normally, however, actual zero bistatic measure? cata are used, anmdo=0; RPO=0;

Q1=+Q2=1.

~ -
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REFLECTANCE ES'BI‘IMA'I'!ON METHOD
If one has sufficient information about the target material, reflectance data can be esti-
mated without the use of 2 computer. In particular, as discussed earlier, the ‘ndex of refrac-
tion and a fixed bistatic curve are the necessary elements from which to extract the neeessary
parameters. For the sample paints used for the data compilation, the index of refraction is
assumed to be totally reat withn =185 and ¥ = 0.

In order to use the above information to generate reflectance data, a set of typical fixed
bistatic and bidirectional reflectance curves has been generated. These curves are iutended
to simulate a range cof paint types from which reflectance values for a pacticular material
can be estimated by an interpolation procedure hased on fixed bistatic values. Typical curves
are given {n Appristix IT.

We first find the position of the fixed bistatic for the material of interest relative to that
of two other fixed bistatics for matertals on which we have compiete reflectance data. We then
assume that the same relationship between the three materials will be .naiatained in the reflec-
tance data. Therefore, by interpolation, we determine the bidirectional re’lectance of the ma-
terial of interest relative to the known materials.

To proceed, we must now choose parameters that characterize the curves and provide a
basis for {aterpolation. The parameters selected are:

{1) the ratio of peak value to that value at which the curve begins to level out or, if it
begins to rise, the point of minimum reflectance (this is for the like-polarized com-
ponent, {.e., p or p"

(2} the width (in this case, angular distance between peak point and lvsveling-oat or mini-

mum point , of the fixad bistatic curve; for most materials this width is close enough
to 30° to be utrmd constant). _ -

(3) the umbertlan or non-Lambertian character of the material as demunstrated by the -
mhr depewo-co of the eross component in the fixed bistatic scan.

" Iy the louovtng lubucttons, we ftrst provide a step-by-step outline of the interpolation

' woeodnro.. m same step-by-step procedure is then applied in an mmple worked out ltn de-

8.1. PROCELURE FOR ESTIMATING REFLECTANCE VALUES BY INTERPOLATION
{1} Salect the actual tlnd bistatic curve for the material for which reflectances are re-




‘21 Measure 1ne refiectance at e ceax vaise of the curve a.d the ounimum vaiue {or

Vaier Al WRICH 1@ CArVe DeZIns 10 level out [rom (ne prakt  Take the rativ of these lwo, values.

(2. Select tan generaiea fixed 5151a2iC curves which ar tn oracket ine Lllasured curve
apoe

«ilf respect to the ratio Sescribed i step (2}

‘4) Normaluze all ihree curves (0 the saie peas value and determine the normalization

{actors.

B} B the measured curve lies hetween the 10 reference curves, seject an angie Clode to

o

X7 'he approximate vaiae for muimima oFr eveling oat {or most materwais; and determine the
position of the measured Dou detween the poiMs & the two artficial curves. e fraclion of
the distance Detween ¢ two reference curve pours at which the measared curve pont lies s
then taken as an wferpoiztion tactor, iF. This factor will be appiied to the reference reflec-
1ance curves 1o obtain reflectance values {or the maternal of interest. (T the mesaured curve
does nat lie between the two artificia] curves, tbe procedure 18 one of extrapoiation, and the

Jerived {actor will suil be some iraction of (he dchstamce Detween the artificial curve points.)

6} Yor the desired source angie (r' 20, 200. 40°. or 600\, sewct reference refleciance
curves trom Appendix [I whech correspond to the fixed Distatic Curves.

1) Real off the reflectance vaiues {or the reference curves for each recever Hr' angie.

{8} Muiliply bath refisctance Curves by the same {actor wsed to »or malize their corre-
sponding {:xed Diststics.

9) Usiag the mterpoiaton (0r extrapelation: (actor, {F, derived 1a step (3), {ind the esti-
mated refluciance vales for vach position of .

Nate: The sbrwe reeuiis carreagard to nor masized (ixed Yistate v 'ees. To got the
abacide ref e Clanre valee ve mmat divide ot the nor Palization.

10) D vide valurs 1a stop (D) by theanwrmulizing factor ¢ fosnd i step ¢) (or (he material
of inserest

8.3. APPLICATION OF PROCIDURKE

We will estimale five " potnts far O. . “.. wang the tined Metatie for sampie AD 1840
20 shown i Fig. 39, Agppoudin 1. We will (hen comgure the five estimated potats with the
sctual messurement curve a8 page 118 of the Duta Compiiation [Red. 1]. The whole procedere
wiil be rareied owt a8 out kned shove:

(1) Sampie AD 1640 has besn eviectod and (e [invd -btei it curve of Tig. 59 will be voud
(39 {prat) - 6 17

o (0% . 000

R+81710040 378

O N

.
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{3} Select fixed bistatic curves {of typuwcadl matenais 2 and 3 fuse Figs. 81 and 64} with R
valoes that bracket 3.73. |l s convenient 1o nracket the value bul aot necessary.) The two

vaives can De used 10 extrapolile tu any value.

{4 & 5) Normabze AG1640 and material 2 to the peak of niateraj 3:

9, : .
Mater:al _n Measared Vailue Normahizing Factor Narmai>d Yalee
{ o° 0.18 5.62 59
ADIEHD {350 0.035 5. 0.197
2 { 0° 0 85 1.38 3.9
30° 0.035 1.39 o i)
3 {a° X 1 .09
130° 0.38 1

.33
For isterpola:.on, use Nighesw valoe as reference:

Py~ Pre40 91 -0:9T 0183

Py - 9y “333-0048 " 0331

Incerpolation factor = IF = = 3.554

Note that 9'3 refers to p’ {or materal 3. simalar sebseripting /dentiiles p',m and nz
(6) For v - 40°, use matertal 2 (Fig. 79), and materwl 3 (Fig. #7).

G)WOuevrsm andd 40° ia the backscatter hall plane, and & + 6% 207, and 40° 1a the
{orward-scaitar hall plane. Vlmmmmrpw a)muuuﬂmoodmav-w
moi-o":

p'30,0) (400} 000 (20,1}  p'(40.180)
Matertal 2: 003 0038 0048 0.23 i
Material 3: 0.32 037 0.44 0.95 13

{8) Normalization lactor for material 3 was 1.33: for material 3 this factor was 1. There-
for: )

0) pY00) pYT20 1%0)
Matertal 3: czm P‘TW s o

Material 3: 0.2 LR 2 0.44 095 .18

(ﬂMhmGLp, 9"‘-(!7)(;:3 pzl.adp‘m ’3 UYYA, a:)!ormpnsma
o interest. THhevelore:

sutormi anroe: S0 BT AL AL ALY,
(310) Dividing the resslis of step (9) by the aormaliting {actor for sample material AD1640
yioide the {ollowing evtimated values: _

G Y T e
We have acw cbiaiaed ia-glane bidirectionsl reflectance vatees at ¢, - ®0° for material

AD1640 of the Datc Comptiaiine where v,to‘u 0'-w°uw°hm'umm
and forward-etattured direciions.
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Since measured values for these reflectances are avatiable in the [ata Compiiation {2,
#e Cal AOUW COMpAre them 1o our sertyed vajues (G sotermune how weil Lh2 interpolation

merhod works. As page 113 of the Daia Compilation shows:

£ 40,01 = 0.08
5.} 20,0 = 0.042
5, (9,0) = 0.255
5, . (20,180) = 0.12

- 4

5, (40,180) = 0.7

Recall, howewver, that { o true surface reflectance:

Thereiore, the cross-~components reac {rom the same messurement Curve are: ;

5 ,(20.0) - 0.018

: p,,(40,0; - 0.018

! 5 4(0,0) - 00117
5!4(20,180) = 0.018
p;luo.m) «0.02

Cricuistiag p’ L - p, v we obtaia “he following comparison:
IS i

Mesyurement Estimate
».(20,0) » 0.02T 0.029
p';(‘ﬁ.ﬂ « 0.042 6.033
9,10,0) = 9 038 0.045
5 (20,130) - 0.10;  0.11
b, (0,180) = 0.08 044

The agreement appears & be excellont, (he larges: discrepaacy .nouating to adowt 507,
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Appendiy
FIXED BIETATIC DATA FOR PAINTS FROM
DATA COMPILATION

In Section 4.3 tn shadowing and obscuration, we showed that Eq. (10) could be used to de-
rive a fixed bistatic curve 23 a function of source-recetver position. Bat by so doing, one ob-
tains some variation of fixed bistatic curves with source position. The shadowing and abscura-~
tiom factor described in Sectiom 4.1 zpplies a first correction to the basic calculation.

A farther correction may be appiled by averasing values cbtained iz the {irst correction.
- Fixed bustatic curves for 04 exampies from the datx commpiiation have been 30 derived and are
included ia this report as Figs. 29 through 61. Each figure inclndes a listing of the fixed bi-

bidirectional t
"atic m‘u;tmlﬂd%’hemmmm:wn‘
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Appendix IT .
BIDIRECTIONAL REFLECTANCE DAT.
FOR FOUR TYPICAL TYPES CF PAINT
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DOCTUMENTATION COF BIDIRECTIONAL RE!’HII.BCTASCE PROGRAM (RHOPRIME)
Program RHOPRIME is the main calling program for suhrowtines to read and store ma-
terials datz, perform gsomeirical calculations, compute hidirectional reflactances for any
source/receiver position and polarization, and prepare the ouiput in & convenient forsaat. The
calling sequence, purpcse, snd caiculations performed by each subroatine are given below, fol- :
lowed by details on the input data tormats. - R S

IR}). DESCRIPTIONS OF SUBROUTINES .
SUBROUTINE INDATA. This is tha firgt subroutine called. Material parameters needed
for the caiculation of bidirectional retlectincs are read and stored. Mufarial parameters are

MAT = material specifier , .

¥ = » = real part of refracttve index ' , o

K =k = imaginary part of refractive index : L e
RX1 =p ‘sWMWLWWM

R!:-pxz mmzalpom-dm o o
m-p = vohune reflectance

. : -_m}mmmmp(aﬁ,o M;Jumm
TAU » rideg) . e : ' -
OMEGA » G (deg)
Q : wm:mnmmmtwmuaw
@ plied to p' (cman)mwmm
m-p( i""’ OA.OJm ’,
MRt el :

%

!_m‘ mmum.nmu-mmmwmm
sats system. mde&Mmmmdaom-udmmm
* Gopticua).’ twmmmuumhmummmu
. . -,,(&Sl’- - L
‘ggm m mmnmummum
szwdumwum ‘




8% = model selector
TS = 2enith 2ngie of suurce (deg)
P8 = azimuth angle o source (deg)
TD = zenith angie of receiver (dez)
PD = azimuth angle of receiver :deg)
A = intensity of major axis at polarization eliipse
' B = intensnty of minor axis of polarization ellipse
PSI = angle of major axis of polarization ellipse from the normal to the plane of incidence
measured CCW looking into the source, 9 < PSI < 180 (deg)
P = polarization of socurce (0 < P < 1.0)
H = handedness f polarizaticn ellipse {(21.0 or 0.0)
MI = material specifier

oo il

SUBROUTINE SCAN. Tuiis subroutine defines a sequence of detector pesitions for a speci-
fied source poseitica and polarization.

ISW = model selector

TS = zeaith angie of source (deg) "

P8 = azimuth angle of source (deg’

TDS = start 2enun Lngie of receiver {deg)

TDE = end zenith angie of receiver (lzg)

TSTEP = zeaith angle acin increment {(deg)

POB = start azimnh angle of receiver {deg)

PDZ = end asiruth angie of recstver (deg)

PETEP > azimwth angle weaa increment (deg)

A = astensity of major xxis of polarizatica ¢ilipee

B s intsasity of minor zxis of polartzation sliipse

PSI = axgis of major axis of polarization sllipee from the normai to the piane of incidence
massured CCW iorking tuto the source, 0 5 PSI = 150 (deg)

N e

chia,

B N N £ A ¥ RUEIPNE PR

e e b

P = polarixstion of source (0 s P 5 1,0) ;
8 » handacness of potarization sliipes (£1.0 or 0.0) ‘ o . - o
M} » cmterial specifier L v . :

SUBROUTINE GEOM. This aubrouting does the necassars geameirical calculations of , J
aapias sseded for the bidirectional reflsctance calculations (see Pig. 99).
OR = (0, 0, 1) is & unk voctor alcay the earth-fixed Z axis ‘ : ;

PO « the angle of the mmjor azis of polarizztion ellipse trom the mormml vector of the OR, j

E plans measuresd CCW lodking into the source, 0 s PSI s 180 (deg)

x= 3 '

ORx &

™
)
Cow
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AP LA 4B By A A 1 AT s Kb Y e W B 1A WL e

CRxD

YA = TR
XA = v
EAP = rGEE]
YAP=T'%‘§“:%
CC6B=X-D

© COSBDP = OP-D

CCEBEF = OP-E
COBBNP = OP-X
PSIPE = PSI - SIGN(-XAP - OR)ARCOS(XAP - Y}
"= angle of major axis of polarization Cilipse from the normal vector of the OP, E
, ‘plane
PSIDE - PGI - SIGX(Y - DJARCOS(U - Y)
= angle of major axis of polarization eilipse from the normasl vector of the D, E
plane '
WADE = -BIGN(-YA ' E)JARCOS{XA - YA)
= angle for transforming the octpmt angle of polarization from E, D plane to OR, D
plane
EDPHI = ARCOB(XAP* YAP) = the relative azimuth angle between E and D in the facet
coordinate system
DC .= {(-SINBEP, 0, COSBEP] = direction of spscular ray in the facst coordimate systom
D1 = (SINEDP CO8 EDPHI, SINBDP SIN EDPHI, COBBDP) = direction of reflected ray in
| the tace! coordizate system
NZ1 = DC x OP '
NZ = NZ1 xDC
DN~ D1-NZ
PHIENOIP DN >0 parameter reguired in FUNC ITON FUNC
»9/3 -« ARCOB(-DN) IF D¢ < 0 for shadiwing ana checuration

SUBROUTINE GFRM. cmmmmammmxm:&mmmm. The

¥ = series of switches which can be set (7.~ :u M) to reduce the smmber of redundast compu-

tations whea GFRM 1 used as part ¢ . multifacetsd turget model
CCBB = dafinsd in SUBROUTINE GEOM : .
COSBDP = defined in 3UBRC INE GEOM
COBBEP = delined in SUBROUTINE GEOM

B AN
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COSBNP = deftned in SUBROQUTINE GEOM

PSIPE = defined in SUBROUTINE CECM

PSIDE = defined in SUBROUTINE GEOM

WADE = defined in SUBROUTINE GEOM

AP = areg of facet (if AP = zero, GFRM returns a bidirectional reflectance Stokes vector;
if AP + 0, GFRM returns a Stokes vector for the reflected radiant intensity for umty
irradiance in the incident beam)

MY = material specifier (available in COMMON)

ISW = model selector {available in COMMON)

W = rravelength specifier (available in COMMON), not used .

TABLE = array containing all of the materials properties data read in SUBROUTINE IN-

DATA

GFRM returns the bidirectional reflectance Stokes vector (AP 0) or radiant mtensxty Stokes
vectur (AP 4 0).

111 = Stokes vector for surface plus Lambertian model with polarized sonrce

121 = Stukes vector for surface plus Lambertian model with unpolarized source

113 = Stokes vector for non-lLambertian volume moedel with polarized source

123 = Stokes vector for non-lambertian volume model with unpolarized source

114 = Stokes vectcr for combined model with polarized source . -~
24 = Stokes vector {or combined model with unpolarized source '

YUNCTION GETDAT returns the appropriate material pavameters for bidtrectional re-
fisctance exiculmions, nypely N, K, RX1, RX2, RREOV, RCOSBNP, DPO, DP9, F, G..’

' FUNCTION FUNC prr-vides the optiors] capability for deriving RCOSBX? analytically (if
SIGMA + 0)and for deriving a shedowing and cbacurstion correction factor (optional) to the
RCOGENP used {n the specalar model. In addition, the sepolarization factors DPO(B) and
DP90(B), ac: well 28 F(B) and ("BNP)uudedinthcvohm mgmmw
. FUNCTION FUNC carrently yiaids
. PO(B)-LO
mx:lo

m)uie
”'m-lﬂ




The snadowing and chscuration {actor appiied ‘¢ RCOSBNP {rceasured values read during the L
H
input ghase of RHOPRIME or defined analvitcally in FUNC) is i
. ;
.28 4
- B.\'P_eTAU &
OMEGA . 1 . *
1 < BNP 1 +’E":{H:‘.N . _BEP -

* OMEGA OMEGA ~ GMEGA

{2) SURFACE-PLUS-ILAMBERTIAN MODEL CAILCULATION

. 2 2, 2
N+ 1)‘ + K~ (V2 -C08B) - V3
RO = 7" 3
N - 1) +K” (V2 +« COSB)™ + V3
= normalized reilectance for 1 puiarized incidence
R90 - (Y2COSB + COS‘B - 1\ + vscos"s .RO
(V2COSE - C(E"B + 1) + VSCCS“B
= normalized refiectance fcr ! polarized incidence
where
ngV‘énzxz»{Hz-KZ-\wcsz)z+(N2-K2-1+C082B) - '
- 2

v.s’%N2K2+§N2-K2-1+C(3:B)2—{N2-Kz-1+C(B7'B)

L H = J the caiculation is made for a plane polarized source (polarization angie PSI). The
calculation ignores xhe induced elliptical polarization for X ¢ 0.

PSIED = ATAN !/ « TAN PEIDE - SIGN (COBATAN(N) - C(SBEl

pohrtzatlon &ngie with respect to D, E reference plane, after reﬂectlon
C = : il AP =0, then & bidirectional reﬂecuncc Stokes vector (8 computed

C + AP'COSBBEP-COSBDP If AP ¢ 0, msaarmummmm;ﬁy&&eqvmwu 3
xum-c[é’%m N CGiEDy (R0-Cos’psie +Rso-smfPEDE
+(RX1-COPPEIPR + RXZ-SIN PRPR] 0 T T ¢ L3
RCOSBNP . , . e E
1) ‘c{m(m-cc&' PSIDE + R90-SIN® PEIDE)COS (psmn-mmm} !

ne) - c[ﬁ%‘%ﬁ— (R0 COE® PRIDE + R90 - aDN? psmxmtpsmn-wwz)]




_ FRCOSB\P
21(1) = €| SosBED ,,Gswpz(ma +RS0) - Lira + R2)

_ ~{ RCCSENP -
21(2) = [C%BEP COSEDP 2(R0 ESO) cLs3 (-W ADE‘

_ ~|RCOSBNP \ . .
21(3) = Lcwp 55T z(m ROQ) SINZ (-WADE} ! _ . .
H H =1 the calculation includes the phase differeace and ¢llipticity induced by reflection

for K 2 0 and i3 an exict treaiment of the Ftesnelequa!.ons

SUBROUTINE ELIPSt {AA, AB, PSIDE, H; AAlL, AAZ D) defines the following input ellipti-
cal polarization parameters: the amplitudes perpendiculias (AA1) and parallel (AA2) to the D,
E plane and the relative phase D = ¢f - 9] of the a~oplitudes of the major (AA)andmmor(AB)
axes of polarization ellipse; the oriemtation of the ellipse with respect to the D, E planey !
PSIDE; ard the handedness, H. 3 i

DR = ¢} - 3. induced by reflection
FORK =0, DR =0 if COSB < COR ARTAN(N]
‘= -x H COSR > COE'ARTAH(N}

‘ /zJﬁ‘(x cmznms o
FORK + 0, nn + ATAN
* A \(x coe’B)? - cos"a(vzz+v3) '

-()<e . - ’
'~ Dkr-nm(’mﬂ cofmcosn - Voo
\ - cos'er - cmzsmf»v;)f L

He)>e T

mtmnsutuukmd}.zl lndtunhmmaadmmm;ndpemndmcm-
nenudthanﬂectedndhm-inducodbythoufhcum,m
AIR = A1'RO L
AR » A2-RO
"f DR:DRoD

'*"’smoummnmumx,mmmn&mm«mmcmm
pwmkmmumumm.mwmammmmmm
angie of the eilipse relative (o the D, X pizno, PAIED, ind the handeduwss, ER. PBIDR = &
mwmxummuummumcmmammmmm
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C = AP-CCSBEP-COSBDP if AP # 0

_ ~TAR + BR RCOSBNP 2 N
111(1) = CL A5  CospEp cosmnE T (RX! Cos® (PSIPE) + RX2 SIN (PSIPE)JI
_ AR - BR RCOSBNP
11@) = C{ =55~ CCSBEP COSBDP cos«zpsms)cosmcm)]

e
_ «[AR - BR RCOSBNP
1) - C 125~ CGSpEP COSEDP SIN2PSIDE)COS(2CHI)

_ [AR + BR RCOSBNP
111{4) = C[ A ~B COSBEP COSBDP

_ ~/RCOSENP 1 1
1211) = Cl55epEp coSBDE 2 (RO * R90) + 7 (RX1 + sz]

SIN(ZCHI;‘
4

_ ~/RCOSBNP Tooo . A
R12) = Cl Geprp cospnp 3 (RY - R90) COs( 2WAD2)}

_ ~/RCOSBNP 1
121(3) = C!CGSBEP COSBDP 2 (RO - R90) sm(-zwwsi}

21(4) =0

(b) VOLUME MODEL CALCULATION

The angular-dependent, volume reflectance model, Stokes vector is given by

. 1 2RHOV - F- G .
13(1) = C 5550115 P6) COSBED-COESDP [COS? PSIDE - DP90(1+DPO) +

SIN? PSIDE - DP90(1+DP90)]

. 1 2RHOV-F.G | _ )
13@2) - C ngou+m>0)cosssp+cosanplcos2 PSIDE DP90(1-DP0) +

SIN® PSIDE - DP0(1-DP20)] COS2 2AD

i 1 2RHOV.FG ,
113@) = € Fpa07I7555) CoBREPCOSEDE [COS- PSIDE - DP90(1-DP90) +

SIN? PSIDE - DP 0(1-DF90)| SIN? 2AD

1 2RHOV-F-G 1
23(1) = C 5p53(17DP5) COSBEP-COSEDP 3 DPP0(1+DPO) + DPO(1+DP90))]

i 1___2RHOV-F'G 1. .. .
123(2) = C 5550{1+DP0) COSBEP+COSBDP 2 (PF20 - DPO] COS(-2WADE)

) 1 2RHOV-F' G 1 i
23(3) = C 5p36(17DP0) COSBEP+COSBDP 2 | DF?0 - DPO] SIN(-2WADE)

where

C=1for AP=0
C = AP-COSBEP-COSBDP for AP# 0

88
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The angle of polarization of the reflected radiance, AED, {rom the normal vector of the D, E
plane is ’

~ ] /DPO(1 - DPS0) _ - cOsT
AED = ATAN[: DB%0(1 = DPO) TAN(PSIDE)} SIGN(C“ ATAN(N) CGBﬂ

and the angle of polarization referred to the OR, D plane is
AD = AED - WADE

SUBROUTINE QUTPUT. This subrcutine prints the Stokes vectors-for the bidirectional
reflectance (AP = 0) or reflected radiant intensity for unit incident irradiance (AP # 0) for the
surface model, the volume models, and for the combined specular and volume model. Stokes
vectors are printed for a completely polarized source,for a completely unpolarized beam, and
also for a partially polarized beam (polarization defined by the input parameter P).

In addition, several caiculations are made with the Stokes vectors. For a bidirectionai}.
reflectance (or radiant intensity) Stokes vector, the bidirectional reflectance (or radiant in-
tensity) for a receiver polarized 1 or 1 to the OR, D plane is '

A+B
receiverl R

[}

A-B-
recetver' .

where the Stokes vector is of the form:

oOw»

The angle of the major axis of the reflected radiance and the percemt polarization of the
reflected radiance are also given; they are

Bl AL < 0 I8 a CW angle)
2 - ]
The output includes TS, P8, TD, PD, P,uveuuthelnputandwtputuluesdA,vB,PS!,H

from the surface model calculation (if the tnput H = 0, the input and output values of A, B, H
default to 1, 0, and C). '

AL:*% ATAN [of] .00 < AL < go (looking into the source, AL > 0 is a CCW angie:

SUBROUTINE ELIPS1 (A, B, PSL, H; Al, A2, DELTA). The basic equations which relate
two specifications of an eiliptically polarized beam (A, B, PSI, H) and (A1, Bl, DELTA) are

tana = A1/A2 0sasv/2

tanx=sB/Afor s w/dsxse/t . -
89
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tan 2v =tan 2acos &

sin 2% = sin 2 sin &

from which we obtain

.2 2
9 < o
sin® 2a = sin 2)\2' tan 2V
1+ tan” 2¥

or equivalently
cos 2a = cos 2% cos 2¥

Subroutine ELIPS1 determines Al, A2, DELTA from A, B, PSL H

LAMBDA - } A% + 82

IfrB =0, Al = LAMBDA COS PSI
A2 = LAMBDA SIN PSI
DELTA =0 when 0 < PSI <72
DELTA =% when #/2 < PSI <7

Otherwise:

CHI = H- ATAN(B/A)
T1 = |COB 2CHI COS 2PSI!
ALPHA = 1/2 ARCOS(-T1) if x/4 < PSI < 31/4
= 1/2 ARCOS(TI) if PSI < n/4 or > 37/4
¥ ALPHA = 0, Al = LAMBDA, A2 =0, DELTA =0
If ALPHA = 1/4, Al = A2 = LAMBDAAZ, DELTA = 2CHI if PSI = 7/4,
= H-x - 2 CHI if PSI =31/4,

¥ ALPHA = 2/2, Al = 0, A2 = LAMBDA, DELTA =0

Otherwise

T1 = | SIN 2CHI/SIN2ALPHA!

MU = ARSIN TI ‘

Al = LAMBDA CO8 ALPHA

A2 = LAMBDA SIN ALPHA

COSD = TAN 2PSI/TAN 2ALPHA
It COSD > 0 DELTA = H-MU :
% COSD < 0 DELTA = H:(r - MU) ' X

SUBROUTINE ELIPS2 (A1, A2, DELTA; A, B, PSL H). Subroutine ELIPS2 determines A,
B, PSI, H from Al, A2, DELTA.

%




LAMEDA = Va1® + a2®

H Al =0or A2 =0, then A = LAMBDA, B=0, H = 1, and
PSI=0if A2 =0
. PSI=2/2if A1 =0
If Al = A2, then CHI = 1/2|DELTA/!, A = LAMBDACOSCH]I, B = LAMBDA SIN CHL and
H=1i#DELTA> O i
==-1if DELTA <0
PSI =2/4 if CHI < /4
=37/4 it CHI > n/4
¥ DELTA - 41, A = LAMBDA, B =0, H = 1, psr=z-AmN%

HDELTA=0,A=LAMBDA,B=0,H=1,psx:umﬁ—zl—

. ¥ DELTA = +1/2, H = +1 if DELTA > 0
- -1 DELTA <0
HAl> A2 A=Al B=A2 PSI=0
N Al < A2, A = A2, B = Al, PST = 2/2

Otherwise
I Al > A2, ALPHA = ATAN A2/Al
CHI = 1/2 ARSIN|SINZALPHA SINDELTA/|
LAMBDA = | TAN2ALPHA COSDELTA|

T

BRI &

A = LAMBDA COS CHI
z B = LAMBDA SIN CHI
z E =2 if DELTA 0

Part I: 0 < |DELTAl < #/2; PSI = 1/2 ATANLAMDA
: Part 2: 7/2 < |DELTAl < 7; PSI = ¥ - 1/2 ATANLAMDA

and
YAl < A2, 0 < |IDELTA| < 3/2 PSI=2/2 - 1/2 ATANLAMDA
x/2 < |DELTAl <% PSI=3%/2 + 1/2 ATANLAMDA

I1.2. INPUT DATA FORMATS

 'The input to the RHOPRIME program is segmented into loglen blocks. Each block is 1ai-
tisted by & block header and terminated by an end card. Blocks may be in any order, but a data
block is assumed to precede any computation request blocks or scan request dblocks., If a block

‘ DATA TABLES BLOCK. The data tables block specifies all phystcal cha.ractcrtstlcs of the
materials to be studied. The block header is une card with the following format:

PR
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Columns Description

1-4 ‘TABL’
5-19 ignored
20-25 maximum material index to be expected
26-80 ignored

The data tables block is itself segmented into material blocks each characterizing one ma-
terial to be studied. Each material block is initiated by a material header and terminated by an

end card. The material header is two cards with the following format:

Card 1
Columns Description
1-4 '"MATR'
53-8 ignored
3-10 material index
11-20 n
21-30 k
31-40 Py1
| 41-50 P2
[ -
| 51-60 oy
3 61-70 SIGMA [ SIGMA + 0, RCOSBNP is computed]
71-80 RPO
Card 2
Columns Description
1-10 ignored .
11-20 T ’
21-30 Q
31-40 Ql
41-50 (a7
51-80 blank

Following a material header, there may be a set of p' data. I present, the p' is a function

: of 6 andthe 6 .'s must be in ascending order. ‘The format is
; n n

: Columns Description
: 1-4 blank or 'ANGL' :
5-10 ignored .
11-20 8, (deg) !
n 2
! .
21-30 p (DA,¢A, OA,QA)cos 6,
nan nan n
31-80 ignored

WARNING: Each material block must be terminated by an end card. The entire data tables

block must also be terminated by an end card. ’
COMPUTATION REQUEST BLOCK. The computation requests block containa all informa- _

tion needed to perform desired computations. The block header is one card with the {ollowing i

format:

92 :
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Columns Description
1-4 'COMP’
5-19 ignored . )
20-25 model selector .
26-80 ignored .

The model selector, ISW, is:

1—if specular and diffuse _models ars desired
3 —if volume model is desired
T—if combined model is desired

Following the block header, computation requests are processed sequentially until an end
card is encountered. The format of a computation request is:

Columns Description

1-4 blank

5-9 ignored

10-16 source zenith (deg)

17 ignored

18-24 source azimuth (deg)

25 ignored

26-32 detectur zenith (deg)

33 ignored

34-40 detector azimuth (deg)

41 ignored

42-48 polarization major axis length

49 ignored

50-56 polarization minor axis length

57 ignored -
58-64 angle of source polarization (deg)
65 igrored

638-12 source percent polarization + 100
13 ignored

74-76 handedness of polarization (if » 0, empucal pohrizatlon is assmned)
(i s ignored :

78-80 material index

" 8CAN REQUEST BLOCK. IUf a scan of the detector zenith and/or azimuth is desired, a .
scan request block may be used. The bilock header is one card with the following format:

Columns Description

1-4 'S8CAN’ .
5-19 ignored

20-25 mode} selector

28-80 ignored

One card follows the block headef giving all required parameters. The format of this card

A i e U M o D € bR 8 e g 04 e A et et mon e e«
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Columns Description
1-6 gource zenith (deg)

- T-12 source azimuth (deg)
13-18 initial detector zenith (deg)
19-24 - f{inal detector zenith {deg)

-25-30 zenith increment (deg)
31-36 initial detector azimutnh (deg)
37-42 final detector azimuth (deg)
{3-48 azimuth increment {deg)
49-54 polarization major axis length
55-60 polarization minor axis length
61-66 angle of source polarization (deg)
67-72 source percent polarization + 100
73-78 handedness of polarization
77-80 material index

TITLE SPECIFICATION BLOCK. A title may be printed at the top of each page of long

form cutput using the title specification block. The block header is one card in the following

format:

" Columns Description
1-4 'TITL’
5-19 ignored
20-25 blank
26-80 ignored

One card following the block header specifies the title. The format of this card is:

Columns Description
1-60- . title
61-80 ignored

FACET DEFINITION BLOCXK. U default facet definition is not desired, the facet may be

redefined using the facet definition block. The block header is one card in the following for-

Columns Description
1-4 - '"FACE'’
5-19 " ignored
20-25 blank

28-80 ignored

One card followiug the block header defines the facet. The format of this card is:

Columns Description

1-4 : blank

5-9 ignored

10-18 facet area (default = 0)

17 ignored

18-24 facet normal - x {default = 0)
25 ignored .
26-32 facet normal - y (default = 0)
33 ignored

34-40 {acet normal - £ (default = 1)
41-80 blank

4
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END BLOCK. The end block terminates the program. The format of the block header is

Umsameuthz.toftheendcard.

Columns Description
) 1-4 'END’
5-80 blank

This block does not.need an end card.

e
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Appencix [V
INSTRUCTIONS FOR USE OF FROGRAM
WITH SAMPLE COMPUTER QUTPUT

The program documentation in Appendix III, together with the sample computations in-
cluded in this appendix should enable the user to (1} modufy this program to accommodate the
requirements of his own computer and (2} verily output from his modified program by com-

 parison with the samples given herein.
Note that the input parameter values shown inTableIllare the ones with which the program

has beea run.
Sample outputs presented in this appendix inciude

(1) a listing of the input information (Tabla IIT)
{2) the computed output of the prugram (long form) {Table V)

(3) a short form of the computed output, containing only that information necessary to feed
into a computer program for the purpose of obtaining plots of the data (Table V)

The three tables mentioned above appear at the end of this appendix. All of the sample in-
formation is keyed and labelled so that elements may be identified easily. However, the further
descriptive detail below may be helpful in studying the samples given.

RHOPRIME Input Listing
The following items appear across the topof TablelII. Or. line 2:

r = real part of index of refraction

k = imaginary part of index of refraction
Py = cross component (2oy| )| 04 for surface model
Py2® cross component (2p;y}
by = vojume component used for volume model
SIGMA = generating function parameter

RPO = generating function parameter

And oa line 3:
T = ¢chadowing and obscuration parameter
1 = shadowiag and cbscuration parameter
Q! = generating function parameter
Q2 » generating function parameter

Yollowing these items in Table I {s the p'(vo K sa"ﬂ)“'z 8, tabulation which, ia this
| I ) e

case, wis extracted from measured data and determined from the zero bistatic scan. Alterna-
tively, such a tabulation can be generated by use of a generating function specified in the SUBROU-

TINE FUNC.
9
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Note in the sample input information of Table Il that values are provided for p‘l. and px,,

and also for py- In practice, T and p
will never be nonzero simujtaneousiy.

nmmuu:wu:;m«mmmmsxmmm::emm
Nand Q1 = Q2 = 1. .
The p'(ﬂA,¢A; BA,oA)cmz 6, tabulation is followed by scan request information teiling |
'm a n @ 't
the computer what source-receiver combinations are to be computed and what maodel is to be
selected: ’ ’ :
a.lssforsource

X2 ‘smbeusedggpvwmbeusad: all three values

Oi-OIorsourcc

= initial 6 for receiver
Oﬂ-mlmmatorreceim ) a ' A
axlthdangnhrstq:torO scan '
0‘=¢t&mcher
L = ¢ for receiver (value for second scan)
4,3 * size of angular step for ¢, » E
A = semi-major axis of polarization ellipse (ncrmauz-d to 1.0} 2
Bnnﬂﬂwaﬂ:dpohﬂz&tmt..ipn(B-OlmﬁmMpohﬂaﬁm) A
P81 = angie of source polarization S E
Ps ptretutpohrtmtc-ﬂo-lm)
MI = maierial index
ISW = 7 for combined model. (Whnvohmwuud,ntpx‘tpxzsd.)

mwummmmmm,mmumummm
FUNC: ‘

DPO, DP90 = depolarizations for perpendiruiare and m&lewdheubom

erl

£, g = volume maodel parameters. ‘ ‘
mmmummwmmow,mt,mgmmmqm' +

As exempilfied by TableIV,each page of the computed cutput corresponds to coe SoUrce-
recetver conliguration. Bems at the wppsr icft are self-explaastory. However it should be
borse in mind that MAJOR refers to the semi-major elliztical axts (a), which is takew to be
- 1.8, Sisce MINOR, which refers to the semi-minor zxis (b}, ia 9, the MAJOR-MINOR combina~
mmmmmmmmmmmuumm HANDED »
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The entries in the three main columns are reflectances From the top, the {irst {our
entries 1n each column are the surface model elements of the Stokes vector which deseribes
the polarization state of the beam as it leaves the tarpget:

A = tota] reflectance

B = reflectance with receiver polarization angie = 0 {perpendicular polarization)
C = reflectance wit§ receiver polarization angie = 4°

D = reflectance with receiver circularly polarized

The second four entries, still in the surface model block, are

ﬁ%_!} = reflectance recorded irom receiwver with analyzer set for perpendicular polarization

%—B- = reflectance reccorded from receiver with analyzer st {or parallel polarization

AL = anzle of poiarizatice for reilected beam
P = percent polart.ation of reflected beam

Thus far (ae {irst two biocks of four entries have been discussed. The !dregm’ng. as pre-
viously stated, apply to the surface plus Lambertian volume model.

The third and fourth biocks apnly to the non-Lambertian velume model and are to be inter~
preted in exactly the sams maoner as above,

Thw fifth and sixth block.i consist of the sum of the surface + volume models and are printed
ouy [o¢ convenience.

Note that in the volume model cutput and in the summed output, item D (circularly-
polaized coraponent) is not present.

Computer Qutput (Short Porm}

The short form of the computer cutput consists of the information in the last four eniries
of the suamed output {surface + volume), 232, A28 A1, b (see Tuble V). Moreover, the
daia are compressed 8o that, whereas the long form has only one source-receiver configuration
per page, the short form contains a complete scan ta ons block. -

One scan consists of four itern sumbers. Precading each of the first two tem numbers in
each scan are ‘ ' -

Wavelengtss (1.06 um)

8 0%

¢, (180%

s, 0% cr 180%

The [irst item number in each scav containg . Each wutput entry is precoded by the 6_
scas angle —i.e., 0.0, 0.0238 weans that the reflectance at 0, « & t# 0.0288. The second item
mumber contatns 332, The third tem number contatns the polarization angle, AL, &t each
receiver angie. The fourth ltem number cantalng the percent polarization.

A+B
1

_The stans ars is the same oversil order as those in the long form of the outpat
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Appendix V
RHOPRIME PROGRAM LISTING
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Caum e g Lk o L ik k. aheat skt TR

e e~ — e

TG e Y

PNNPAIME A3 OF 02 ,20,73

i DTHENSXHN KS00),0PC3),5(3),0(3),NR¢3),LAREL(19), TARLE(S00)
2 __ _ ___ _EBYIVALFNCE (TAALF,X)
3 INTEGFR CADF, TARLESZ ' TARL T/, CONP/ T COMP '/, END/ENDG '/,SCANT/'SCAN' /7
L INTFGFR YTTLE/'TITL'/,FACET/'FACEYY
S RFEAL T21(8),111€a),T2%(¢3).113¢3),12a(%),114(3)
[ 3 COMMON M1, 18w, n, TABLE,I21,111,123,113.124,214
7 COMMON /CupT /D81 ,P01 ,RETA,BETAB,RPO,CNSINE, SIGKA,PHIEN,REP, TS
| ——— .. DATA NP/D,0,0,003,0/,4P/0,0/,"R/0,0.0,001,0/
9 c.'.Q"'.".".'I'.'.".I'i"'""'.'Q"'.Q""k.'."'".."....'."'.l'
1o c
11 o FARMATS
1e [ _
13 2222122222 22 PYTTTTL LI YT PRRP Y PR PEPPP LD LY 22222 P DR VDI IPL S 2L P P
. _2a_ _ teo FORMAT(14,15X,16) o
158 110 FRRMAT(2a,5Y,A(ET . 2, 1X),F3,0,1X,I%)
te 170 FARMAT(* {NIRMAL TFR"INAT!'\N')
17 180 FNRMAT('1!,'eenee ENDa(QFFILE EMCNUNTFRED')
18 150 FRRMAT('1', 'senen TABLE REAN FHOCR ea CNANPITINN CNDE «',F3 . 0)
19 170 FORMAT( 1!, 'aeene WARNING ENF IN COMPUTATIUN REQUESTS')
_ 20 180 FARMAT('1', ‘anene INVALID CARD TYOE')
21 190  FNREAT(T|7, Tenees ENF [N SCAN DaTa,") .
22 ang FORMAT(1543) .
23 R NN e N AR PR SR e P IR RN A AR S S NN IS R AN RS SRR AN R SRRV ERC RSN E RO ARSI RS
76 c
25 [4 DATA ALACK READ=IV DPnASE
26 [
- A 2 Ty P o AP PP I A
’8 1008 NFAR(2,130 ,ENNSAQNQICNOE ,NNAT
29 Convns
b c MATERTAL TamLES
33 Crowse
. ._32 ingn  IF(CONE  NE, TARLESIGN TQ 1020
I ¥ CsLt TwnaTa(nwaY,cCy o0
b4 IP(CC AT, 8,8)60 1™ Agte ot
IS N TO toe?
A TS Croene
37 [ CmPyTATI YN REQUEST
L3868 Ceevee X C
3e 1620 (¥ FORE NESTTOWRYEN Y3 18R T T - "'—'
a0 AMSTEN 1030 TN =ONE
a3 "Sw 8 NeAT
a2 1838 nFAN(2,110,FNNSB0%0ICNOE, TS, PS,TD,PO,A,R,PST,P H,n]
a3 IFCCUNE .E3. FNN)E0 1IN X400
_ e 1% ,6T7, 0,0)0 s 1,0
2y tF(n obTe B.0IN & =t A
e 17¢% €8, 0.00A = },.0
L2 d l'(” +EN, 0.0 B 0.0
(1] on 10 2ng0e
49 Conene
_._Se C _ DOFIFCTO® scan RFQUENT
L1 “Caneee = T
s2 1043 [F(CONE ,NE, SCANTIROD T tQ80Q
s3 ISw 8 nea?
Ss ASSIGMN 108¢ TN mMOnE -
ss 1058 CALL SCANICC,TS,PS,TO,PN,P,A,R,B82,NK) -
— % _ __ CJr(EC ST, 8.,8)80 TN %90y .
s7 sh To 2non T
58 Comeee P e
hiJ [ TTTLE SPECIFICATINN
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117
i18
119

Cenwnw
1760 18(FUME ,vE, TITLFIRG TN 1GTY
WEAN(D,20n0)1 AREY
CALY AUYIO(IABEL , 0,0, N A0 A, 0,A8,A,0,1)
LF(NP sy fe 10360 Ty 1990
BLAGD
Je(2)
JP(3)
o TU
Ctuvee
o FOCFY DEFINTTI TN
cCrevne
1A70 [F(rabe ,VE, FAFPET)RY 1N 108y
*FAR(D,1 1) INE,a2,0P
G Ty 1ngn
Lhvene
¢ POURmAR TEQUIMATON
Lovene
1han  LE(0UNE (NE, FNN)RU TN Spag
“RETEC3, 120
CALL RYeTFw
Lexone
[4 WEAN FN~ ra0D
Conens
LRG0 wFAD(2,107,FNASAQADICNDF
1F(rune NE. FND)RU TR 1y9g
LB Ty tapa
(R A R R R Y R R R TR I I T RN P P P PP X T
¢
[ CMPYUTATIY PHARE
c
2 A R R R e R N g Y S T P PR T R o
engh PRl 3 PST/S], 29577
T 2 T&/S7,295%77
pPey = Pe/ST, 29577
1h1 8 TN/S7,29577
PRy 3 PN/ST 29977

v
oV
o0
n

U
¢
i
ry

Lol I IO 1]

Ef1) 3 QEu(TSt)e(8rPRY)

E12) 3 QIV(TH1)eSTNIPRY)

13 = £R(TYY)

Wlil) 2 [ {Tu1)alNSIPNY

Vi) =B SIN(TUY)eSTINIPNY)

Nt3Y = £ )K(TDY)

CALY RENMEI L, ,uR, WP, P, PSTUF,PSTPF,C %p,CNSRQP, M SnFP,

4 CISR¢, nADF)

CALI GROMICASR,C R8NP, (NSALP, CuehMp ,(NSA2,PRIPL,PRINL, mA(F, AP,
\ AoAR R, R, 0, HR,P3T)Y

PAIN 8 05713457 ,29%77
Ot Nt Rt R e r r t R e N NN A N R IR N R R C R PR RN PN E AP R R LA CATANONOIRORORRARPI RS
4
4 QUTPUT BrasF
£
VROt P NN O RO NN N RO R PR ORI E RO P RIS NP AR P E RPN P ANAC A I RO R RN O ERNO T DR S
Convne
c LNNG Fues
Conene
CALL NUTPHTITR, P, TN, PO, P, a,AR, 0 Bk, pPR],BSIN W MR, 4aFl,4P)
GN TU mADF,(1n30,19%0)
Coneny
< SHORT FraRv
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BEOR RIS S

it oo %

A

IRTR UL WAL S R S T T

BRI AR

12v
21

...}

123
124
12s
126
ST

~l28

129
13¢
138
132
133

—. 138

1318
tle
137
138
139
180
18}
18¢
1a3
148
1ay
_18e
1a7
148
149
150
1St
152

183

158
19%
156
157
158

" 1xe

180
168
162
163
148

—— (e

165

167
168
‘169
-.-178

i1y

172

178
178
17¢

177

178
1844

Coanane
S/A00

CC = A0

N YO 1a0n
Ct..t.t'-.tt-"t".'..tf.'."'t""t.'t..'t‘t.tttt'mm"..t."'tﬁ
[«
L. ERRNR_HaNRTNG PHASF —_—
[«
C".“."Qi....t.t'.".O.t.tt'.Qti".tt't't'.'i"t'Qmﬁ'tt..tt.t..".‘
an00 wOIYECD,3a80Y

STOP Agng
80t0  WRIYE(O,150)CC

ST0P =00 e e o .
8R3A  WRIYE(O,370Y

STOP AQ3g
8040  WwBITE(D,1%0)

GM TU 1A9n
80580 RRITEC(D,190)

3TOP RQgg e . e

END

SHEPUHTTINE INNATACK™AT,CC)

DIMENSINN TABLE(S00),KTa8(%00)

EOUTVALENCE (TARLF,XTAB)

REAL M,x

INTEGER n@S,CN0F,FNN/TEND ¢/, ANRLF/ANGL /7, RLANRYLY 1y

T DATA a;rnl'-nfu*; : -

CommQe wi, ISw, moTABLE,I21,]191,123,113,12a,11a
Crnoas
[ FARMATS
Creens
180 FORMAT(s4,a¥,12,7010,3) .
110 FNRWNATC(AG.0X,7E10.3 - ST )
120  FORMAT(/' weses wdRNING o= ANGLFS (UT OF NRANER, .Y -
13¢ FORMAT(10Y,T7E10.3)

CC = 8 N

RS B NUATYD
Crnesw
c ‘READ WATERTAL THEADER oot T TT TT .
Cravee
1008 WwFAN(2,100,ENNSAQN0ICNOF , MAT M, KK, AKX, X2, PNNY,SICNARPO

IF(CUNE FQ, ENN)RETURN

IF(CONE NE, “ATRIGN YO 4630

] nran(’.lxn (ENNBRO00ITAU, O E6A,Q1,088 e m—— e

FLILTS .sr. NEATIAY TN ngdo

SETA0 = o8,
Corore
[ $T0ee HAY’RYAL CONSTANTS
Coanens

IF{LC AT, 2,A)G0 TN AgSO
CALL AUYIT(LAREL,0,0,0,0,0,0,0,0,0,0,%)
IFCEC .FQ. §.0)RJ TR 3000

 KTAR(MAT) s MRS
ROV
TARLE(NPS42) o K
TABLECnPZe3) = AX1
TEBLE(wRSena) = *x?
TABLECRRSeS5) 8 RNAY :
_T08LECnRSep) = Qlﬂnltﬂ‘01]l§31 -
TABLECuPSe7) & RPA

TABLE uPgs8Y 8 TAUGN 0174833

TABLE(RDSe9) = NuFGAL2, N1 7383

e AR L mn tecaa S s b AN Tttt «

P s 48 st N et e 5.
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ok

é
-
i
b
[
i
2

18y
18,
182
184
184
18y
i%e
1”7
1%y

190
191
19¢
193
194
19%
19»
197
198
199
20y
eny
2ne
eny
2%4
20y
20%
"7
2ne
eng
210
211
PAX
2v3
21s
219
2le
217
218
AR/
23y
22y
222
2725
2%
2725
2%
227
278
229
230
P4}
2%
213
eln
2%y
2%
237
ral]
2%9

Jtal e (wO5410) = 41

Tanl pfwBSe1t) = ;2
MNEXE 2T
< NFAD AN RINNFE DCIGANS TLR F TF TYEN
Lhneaw

Xt T ww®ey?

NA 2 N

1017 NFAD(D,11n, NNSAQNGILNCF,RETA,rTE
IF(runt .Fu, FADIRY 1N 14290
IF(ruNE JNE, ANRLF Jany, CONE LvE, BRLANK)GY 17 Ay3g
IF(RETA LE. RETAN)wwTiF(N,1c7)vaT
nFTay = afli
nFTA = RELTAY J171253
TamlElat) = COSIuF1A)

Tamipfntel) wf ye
L1 = WKieg
A 2 NMAS)
eN Ty 1rin
Censnw
C SET NIIMAED F pFlate
Cravee

inen ATAR(Wr®) 3 NA
aPS§ 2 aO0SeNAsMASLD

WY T3 inor
Chaere
C EQRMM mANDL THA
Leevse
4non  CC = 1A
wETHRN
afln (= 2.4
wE TIRN
shen Cf = 3,A
#E TURM
shin (r = a,n
wE TR
EvO

SUARTITTNF QCANICE, TS, P8, T0,PN,0,4,3,P57,H)
COMMON “i, 1%, n, TADIELL121,111,023,1138,174,]04
JIMFNR]IIN TAGIECISD0Y
HEAL Te1(a), 11100y, 723(%),11368Y,728(3),]114(8)
IVIFGFR CODF,FNR/TEND '/
VATA FrTEI/ N Ay

Lonene

% FAR%ATS

Leansne

100 FORMAT(12F6,2.F8,0,T4)

110 FRRMAT(84Y

Conens

[4 WFAD CCAN PAkdnFIFxS

Cenerne
cr s a,n
IF(FNTER ,GT, 0,.01GN Tu 2nphn
ENTFN 3 .0

N"h("‘0"0"’""0”0“':’391”37"‘E'“1"”""8“‘"&-P"'Pultﬁvpsl'Pnﬂv

1 nt
IF(TOF = TO)31000,1000,101)
10 IPg 8 0,0
'RE = Qb.h
{ogA N 8 TURSTSTEPR
IF(POF=PDR)3020,102P,10%0

UGN SR ST R Soms- |




J O

Per TR

2 INNITRE S AR E NS SEERIT I AT 0 RTOIINEAY £, 6 o - ¢ T R KR MG A IR a6 f

230
241
2ae2
243
284
285
éas
2a7
238
249
2s¢
251
282
253
2%8
25%
256
ri ¥4
258
259
260
261
262
263
264
2AS
2he
2n?
268
269
aTe
raat
2Te
213
Fad
275
27s
277
278
2Ty
éno
28y
ene
PLE ]
2hs
RS
2"e
287
PLd ]
re
2%
i}
%2
293
298
29%
2%
297
2%
299

'

1a2n prs 3z 0.0
PRE = 190,90
PRYFP 3 (20,0

1830 IF(PSTES T, 5,0 YPSTFP = 5,0
IF(TSTEP LT, 2.00TWIFP = 2,0
(F{® o7, 0,0 = 1,0

IF(™ LT, 0.0 3 =t N
IF(™ .En, 0,004 3 1.0
IF (% .EN. 0.0)8 3 0,0
P = PSS
1048 RFAN(2,110,FNDEA0AQYCNUE
IF(CUPE LNE, FNDIRYU TN 1040
Conves
€ _NCOEMENT THETA
Cesene
280N TN B TLTRTEP
IFCTD JLE, YDF)IOETURN
I 2 222
c INCREMEVT aul
o 21 2 3 3
PN 3 POePATFP
1F(PD .RE. PDFIR] TN 0N
™ s Tus
L 2 1.4
RETURN
(11314
C SFaM CUMPLETE
Canese
36080 CC s 2.A
ENTER 2 6,0
AFTHRN
Creves
[ EORMR nannL ING
Caveoee
9498 (L 3 %A
EMIFR 3 0.0
RFETIN
ExD
SUHARQUTTNW SETDATCIR,CNSN)

DINFNALAY TrELELSAQ), NTARIYARQY,B(10)

EBUTVALTNCE (TARLF,rT8g)
INTFGFN wes

o ey e

Cmugn wl [Re,neloultsI?1,133,123,113,124,1%a
Crmm(N /CUPI/PS, PR, RETA BETAB kPO, CNSTNF,SICHAE,PHIEN, LD, TS
CO."'.'. 9""."'.’:::Q..._?.".""’:._"f.:""".Q!"'ﬁ'..t'..’...'9'.'

o — = ¢ - - -

[

[4 THIS QURRIYTINGE KETRIFvER DATA FAR TABLE
c INPHTY -

[ cose = CIg(BFTL)

c CORIVE = CNS(BFTASM,P)

-

[4 1734 1) X S
¢ (1) e N

c 2(2) o«

c R(S) o« B%eCHT,

[4 R(E) = BuNalnl,?

4 N(%} o BHAaY

4 N(A) o InA{RETA=N,P)

¢ R(7) o NPePERP

¢ R(R)] o NP=PAR

it o wh e

amre el b

s ot rbacsd ke
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309 C (8} e~ F
8l C P(1¢Y - ~ :
sn2 ¢ . *
3ng :.'t"'t-tttttat-vtttt-ototvno't--".ota.tt.-ﬁntt'-b-o-tQOgOQ"'yﬁnttqt'
3ng Conven
309 C «FIR{FyE uaTpolrL CNKRTANTS
Sre Canvee , ° 4
L 1008 15 (™D 1T, 1 L0, KT 6T, S8YSTHP aunw . .
ife 95 = avA(¥]D) )
ing ~Nb z aTad(9n9) ' ) .
310 ~t1) = fA3LE AR+ ) "
LR} R62Y = ThalhraPasd)
31 g wt3) T Tad4' £(aPSes)
313 wlad) = Thspl{af8+4)
I WfSY 3 Thot Efafyney)
319 SYLYA 2 TAsl EfrPHs0)
3o w0q = (43l EraPS4/)
317 RULI0) = TABLE(WRS+8)
RN} «t7) = T84LETwRSey) j
19 w(A) 2 TAJI EfwR3sLN)
520 FEL )] 3 (AN ECAR5¢LY)
124 Leaesy
121.¢25 R(6) 2 0.0 . .
32¢ < Tanlp LAJC=i® »pOn kPR pNp) :
325 Cosere !
424 IF(Ma LIE, M)GU 17 TN
$7e 41 X wetatQ
. s IF(MA JFy. 1)%0 17 2020
’ 327 A2 T Wlenheva
EYd ) 20810 IF(ANS(rICINE=1AStE A1) LLFL. 0. 0001)R) N 2430 i
329 AT B Wlag :
It 1F(™3 LnE, ¥236N Ty 2fsP {
: (339 LF(TARLE(esY LT, (NaTnf)RD 17 26390 é
- 32 <! 3 x§ 3
3 $%5 e Ty 2nin i
b sta Conoes ;
EAL ) [« CASTNE £ jtiv, nFIRIFyF O(NyAND ‘
ste Conene i
317 gngn  HAfp) = TAQLF(¥ )+ * )
1~y 31 Ty 3agn i
29 (oasne “
580w € 1M 1FHBU ATE =CUSIVP i
: 3ay [ 2 L2 24 ' :
- s8¢ 2nsn  FaCT = FCISTNF=TAQLE(N]) )/ (TAALF (X SI=TARLF (X)) i
s N5 fo) 3 CACTA(TARLF (X 3o 1nTARLF(M]4]))sToulElRYSY) ?
L 3ae W TO 3non : ,
N 3%y Cosnne i
P 340 ¢ CPrwPyrt yp®0, NP9, F, b (oHCUtONP = [F SI6NA =z @) ]
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